The interest in optimization problems involving distributed generation units has grown among undergraduate and graduate students since distributed generation unit connections have been encouraged around the world, requiring efficient power system analysis tools to solve them. The available open access tools are commonly focused on transmission network analysis. On the other hand, commercial tools adapted to radial networks do not allow the students to follow the intermediary calculations and learn with them. In many cases, the students have to develop their own computational tools, which is a time-consuming activity. This paper aims to fill the gap encountered by undergraduate and graduate students when they are performing their optimization problems involving distributed generation units, presenting the advantages of a new power flow tool focused on radial electrical distribution networks with high levels of unbalanced loads which require a three-phase power flow tool to be analyzed. The use of the proposed tool allows the students focus on their research, reducing the time spent on programming, and learning about power flow analysis applied to radial networks.
Introduction
Distributed generation unit (DGU) connections have been encouraged around the world, particularly when the primary energy sources are considered renewable. Particularly, in Brazil, DGU connections have been increasing after 2012, when a specific DGU regulation rule was published. Such rule defines the technical and financial aspects to DGU connections into the electrical distribution networks, for micro (<75 kW) and mini (<3000 kW) DGUs. In this context, the interest in optimization problems involving DGUs has grown among undergraduate and graduate students around the world, and they are frequently addressed by students in their thesis/dissertation or in some courses throughout their academic life.
Typically, the optimization analysis performed by the students was applied to Brazilian radial electrical distribution networks that have high levels of unbalanced loads, requiring efficient power system analysis tools to solve them.
In the literature, several approaches related to power system analysis in academic environment are presented, and all of them focus on transmission network analysis. Gu¨ney et al. 1 propose an educational software that has a friendly interface and tools for steady-state/transient analysis, allowing the students simulate line models, faults, and power flow cases through Newton-Raphson and GaussSeidel algorithms. Furthermore, the tool proposed by Gu¨ney et al. 1 shows the process step by step, allowing the students to understand each part of the solution. Stojkovi c et al. 2 propose the adoption of a commercial tool (Alternative Transients Program) by the students, within the course "Computer Aided Engineering". Milano et al. 3 describe their experience in the assessment of laboratory activities based on an open source software package for power system analysis named Power System Analysis Toolbox. The authors relate the advantages and the disadvantages of using an open source software compared to proprietary software. Some other papers focus on the stability aspects, 4,5 reliability analysis, 6 harmonic measurements, 7 and alignment studies. 8 In the absence of adapted academic tools and considering that the university does not have a commercial computational tool to perform such analyses, graduate students have to develop their own computational tools in order to consider the local networks behavior. Even if the students could access a commercial tool, it would not allow them to observe the intermediary steps of the problem solution, showing only the final results.
However, power flow tool development is a time-consuming activity, since the students have to spend a lot of time programming their own source code adapted to each problem. Therefore, an open source computational tool was developed in the university (as a part of a doctoral thesis) to fill this void, allowing the students (especially graduate students) to simulate their power flow problems involving radial networks and DGUs with high performance, and to follow the intermediary calculations. This paper aims to present the developed tool, showing the advantages of this tool with respect to other approaches and the students' evaluation about the proposed tool.
Computational tool description
Due to the radial structure of Brazilian distribution network, whose resistance/reactance ratio is very high when compared to transmission lines resistance/reactance ratio, methods like Fast-Decoupled and Newton are unsuitable for most of the distribution power flow studies. In such cases, backward/forward sweep-based methods are widely used to solve the distribution power flow due to their robust convergence characteristics. 9 Therefore, the backward-forward sweep algorithm (with current summation method) was applied into the computational tool developed.
Another particular characteristic is the fact that Brazilian distribution networks have a high level of unbalanced loads. Therefore, the backward-forward sweep algorithm developed should be adapted to consider this loads' behavior (three-phase power flow). Furthermore, many graduate students in the electrical engineering department are performing studies about technical planning of electrical distribution networks. In these analyses, it is necessary to study several load levels throughout the day (typically, two or four load levels are studied). The proposed computational tool was optimized to work with four load levels, defined by the students.
Easy DGU connection was one of the concerns when the computational tool was developed. Therefore, DGU connection has a special treatment in the proposed tool. Users can define the model for each DGU connected to the grid: each DGU has a different model (for example, constant power or constant current, being the first one the most used).
Different built-in interfaces to make the tool more user friendly are shown in the following subsections. The subsection "Input data interfaces" presents the interfaces used to insert data (conductors' impedances, network data, load/generation data, and load level times). In the subsection "Power flow execution interface", power flow parameters are shown. The different results analysis tools are shown in the subsection "Results analysis modules". Finally, the subsection "Query designer tool" shows the tool available to design queries that allows the users to make their own customized queries.
Input data interfaces
There are three datasets necessary to execute the power flow algorithm: conductors' data, network data, and load/generation data. The conductors' data are inserted into the computational tool one time before any network or load/generation data insertion through a spreadsheet, similar to an Excel spreadsheet. The conductors' necessary data inputs are maximum conductor capability, represented by its maximum current, zero sequence resistance (R0), zero sequence reactance (X0), positive sequence resistance (R1), and positive sequence reactance (X1).
The network and load/generation data are imported from external files, in a text format, as shown in Figure 1 . The external files should follow a specific interface and contain information about substations, feeders, switches, transformers, buses, branches, loads, and generations units.
The time of each load levels is defined by the users, through a specific interface. In the most cases, power flow was run four times, considering the loads existing in the network at 5 a.m., 10 a.m., 5 p.m., and 8 p.m.
Power flow execution interface
The power flow algorithm can be started through a specific interface, as shown in Figure 2 . In the interface, the students can define the backward/forward algorithm inherent parameters, such as the percentages of load distribution for each model, the voltage value at the beginning of the feeder, the nominal voltage at the swing bus, the phase sequence, the tolerance, and the maximum number of iterations.
Results analysis modules
After the execution of power flow algorithm, the students have several tools to analyze the results. The analyzed tools can be grouped into interface tools and detail tools. The interface tools provide the students an overview about the electrical variables, such as currents, voltages, and power values determined for each electrical distribution network analyzed.
The interface tools start with the screen shown in Figure 3 , called "Results". In that interface, the users can view directly:
1. The values of current (module and angle for each phase) at the beginning of the selected feeder/load level. between absolute values and percentage values. Figure 4 shows an example of the voltages by buses screen (percentage values). In Figure 4 , the bus #15 is selected on the upper part: its voltage value is 0.9849 pu, 0.9852 pu, and 0.9858 pu for phases A, B, and C, respectively. The different values are due to the presence of unbalanced loads in the network. These voltage values can be graphically represented, in order to allow the students to identify the buses with voltage values out of limits. These limits can be defined by the users. 7. The "Currents by Branches" screen: In this screen, the users can view the values of current for each branch of the selected feeder/load level. The users can select between absolute values and percentage values. Figure 5 shows an example of the currents by branches screen (showing the percentage values). In Figure 5 , the branch #58 is selected: its percentage current value is 69.9%, 70.1%, and 69% for phases A, B, and C, respectively. The different values are due to the presence of unbalanced loads in the network. These current values can be graphically represented, in order to allow the students to identify the branches in an overloaded region. Figure 6 shows an example of a graphical representation of the selected feeder (branches in red color are in a overload situation -limits are defined by the users). 8. The "Loads by Type" screens: In these screens, the users can view the values of the nominal and the real loads for each bus of the selected feeder/load level. The detail tools start with the log file and the convergence chart, shown in Figure 7 . In the example shown in Figure 7 , the power flow algorithm converged after four iterations. All the values obtained from the calculation steps are available for the students through a spreadsheet, similar to an Excel spreadsheet: 24 voltage values for each bus/iteration (three phases Â four load levels Â two partsmodule and angle), 24 current values for each branch/iteration (three phases Â four load levels Â two parts -module and angle), and 24 power losses values for each branch/iteration (three phases Â four load levels Â two parts -module and angle).
Query designer tool
In the proposed tool, there is a query designer (based on SQL language) that allows the students perform their own customized queries from the results data presented previously. The students can perform queries like: n buses with higher/ Figure 6 . Example of the graphical representation "Currents by branches". lower voltages, m branches with higher/lower currents, or the power losses in a part of the electrical distribution network. Furthermore, the query designer allows the students modify the distribution networks topology and parameters, loads and DGUs, even at algorithm runtime. Such a feature is very important when the students are performing optimization algorithms, since these kinds of problems need to simulate several scenarios (sometimes thousands) and manually modify the characteristics of networks can be a hard activity.
Students' evaluation
The proposed tool was used by undergraduate and graduate students from Federal University of Espı´rito Santo, Brazil, in a regular course about distribution systems ("Electrical Energy Distribution Systems") during the second semester of 2015 and the first semester of 2016. Students were submitted to step-by-step exercises using the proposed tool, involving a large number of simulation and several aspects of Brazilian distribution networks such as the occurrence of unbalanced loads. After the activities, students were asked to compare the proposed tool with others presented during the course and fill an anonymous questionnaire with some statements about their experience. The form contains seven statements and results are present in Table 1 .
The questionnaire was filled out by 25 out of a total of 32 students, in both semesters. Students evaluated their experience with grades ranging from 1 (totally disagree) to 5 (totally agree). From the results, it can be noted that the possibility of simulate unbalanced loads and DGUs was seen as the most important aspect of the proposed tool. About these aspects, 88% of students evaluated their experience with grade 5 and 12% with grade 4, showing that the proposed tool reached its goal. On the other hand, the most criticized aspects of the proposed tool were programming language adopted and the possibility of access the load flow's intermediary calculations: in the first case, students suggested to improve the compatibility of the tool with 64 bits systems (some problems were detected), and in the second case, students suggested to improve the interface of view of load flow's intermediary calculations.
Conclusions
With the increase of DGU connections, the study of optimization problems involving DGUs has grown among undergraduate and graduate students. In this context, most students have to develop their own computational tools in order to consider the local networks behavior, since the university does not have an adequate computational tool to perform such analyses. Therefore, this paper presented a computational tool to fill this void, allowing the students (especially graduate students) to simulate their power flow problems involving radial networks and DGUs with high performance and follow the intermediary calculations. The main advantages of the proposed tool are:
• It allows the users to follow the intermediary calculations, checking if any error occurs.
• It is able to simulate radial electrical distribution networks with high levels of unbalanced loads (three-phase power flow).
• It is able to simulate DGUs connected to the grid (each one can have a particular model).
• It provides to the users a query designer tool, which allows the users to perform their own customized queries.
• It has mixed results analysis modules (interface tools and detail tools), in order to allow the users to check any information in the electrical network.
• It provides an optimized four load level analysis, ideal to perform technical planning studies (that are increasing at the electrical engineering department).
• It is an open source computational tool, allowing the students modify the computational code to adapt it to their own problems, if necessary.
The use of the proposed software has been initiated among undergraduate and graduate students to measure effectiveness in power system analyses, in Federal University of Espı´rito Santo -Department of Electrical Engineering. The proposed tool has been well accepted between the students, especially with respect to simulations involving unbalanced loads and DGUs, showing that the proposed tool reached its goal.
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